Background-Increased common carotid artery intima-media thickness (CCA-IMT) is a marker of early atherosclerosis.
I ncreased common carotid artery (CCA) intima-media thickness (IMT) is considered an early phase of atherosclerosis 1, 2 and has been associated with cardiovascular risk and risk of coronary artery disease events. 3, 4 Although B-mode ultrasonography cannot distinguish between medial and intimal hypertrophy, IMT assessment is considered a reliable surrogate measurement of intimal thickening. 5 In addition to atherosclerosis, intima-media thickening also occurs in hypertension, 6 aging, 7 diabetes, 8 hyperlipidemia, 9 or with changes of shear stress. 10 Damage of large arteries, characterized by increased IMT and arteriosclerosis, is a contributing factor to mortality in patients with end-stage renal disease (ESRD). 11, 12 ESRD is associated with an inflammatory syndrome, 13 and low-grade inflammation plays a role in the pathogenesis of arterial alterations. 14 Among the mechanisms involved, long-standing oxidative stress enhances the inflammatory state and is atherogenic. 15, 16 We previously described the presence of advanced oxidation protein products (AOPP) in patients with ESRD as a reliable marker of the oxidantmediated protein damage in uremic patients. AOPP also behaved as mediators of inflammation. 15, 16 The aims of the present study, which was conducted on stable patients on hemodialysis (HD), were (1) to identify a possible relationship between the plasma AOPP and CCA geometry and (2) to investigate the effect of intravenous iron given repeatedly to HD patients on plasma AOPP and CCA geometry.
Methods Patients
Seventy-nine patients aged 56Ϯ16 years who had been on HD for at least 12 months (76.5Ϯ75.5 months; range, 12-318 months) were included; 57% were male, 13% had insulin-dependent diabetes mellitus, and 46% were treated with antihypertensive drugs. Patients with acute or chronic infectious or systemic disease, active liver disease, acute myocardial infarction, cerebrovascular disease, congestive heart failure (NYHA stage III-IV), and/or peripheral artery disease (Leriche stage III-IV) were excluded. Patients were dialyzed with synthetic high-flux membranes (AN69 or polysulfone) matched for subject's body surface area (1.40 to 2.10 m 2 ), bicarbonate dialysate, and controlled ultrafiltration rate. The duration of HD sessions was 4 to 6 hours thrice weekly to achieve a dialysis dose (Kt/V) Ͼ1.2 (mean, 1.41Ϯ0. 19) . Patients were receiving recombinant erythropoietin to maintain predialysis hemoglobin at 10 to 11 g/dL. Intravenous iron hydroxide sucrose was prescribed when the transferrin saturation was Ͻ20%. The dose was 50 to 100 mg weekly to achieve a serum transferrin saturation between 30% to 40%. The iron therapy was temporarily interrupted when the ferritin levels were Ͼ700 pg/mL. The iron dose received by each patient during the 12-month period preceding the investigation was collected from computer records. Each subject gave informed, written consent to participate in the study, which was approved by our institutional review board.
Laboratory Analyses
Predialysis blood chemistries included serum creatinine, urea, calcium, phosphorus, bicarbonate, hemoglobin, albumin, lipids, fibrinogen, high-sensitive C-reactive protein, parathyroid hormone, iron, and ferritin. Plasma AOPP were measured using the semiautomated method devised in our laboratory. 15, 16 Briefly, AOPP were measured spectrophotometrically with a microplate reader (MR 5000, Dynatech) and then calibrated with chloramine-T (Sigma Chemical Co) solutions that, in the presence of potassium iodide, absorb at 340 nm. In 96-well microtiter plates (Becton Dickinson) test wells loaded with 200 L of plasma diluted 1:5, phosphate-buffered saline and 20 L of acetic acid were added. Internal standard wells contained 10 L of 1.16 mol/L potassium iodide, to which were added 200 L of chloramine-T solution (0 to 100 mol/L) followed by 20 L of acetic acid. Because chloramine-T absorbance at 340 nm is linear within the range of 0 to 100 mol/L, AOPP concentrations are expressed in mol/L of chloramine-T equivalents.
CCA Geometry and Pressure
The CCA pressure waveform was recorded noninvasively with a high-fidelity Millar strain gauge transducer (SPT-301, Millar Instruments) and calibrated assuming that brachial and CCA diastolic and mean blood pressures were equal. A detailed description of this system has been published previously. 11 Brachial blood pressure was measured after 15 minutes of recumbency with a mercury sphygmomanometer with a cuff adapted to arm circumference. Investigations were performed in the morning before the midweek HD session.
CCA characteristics were measured by high-resolution B-mode ultrasonography (Scanner 350, PIE Medical) with a 7.5-MHz transducer by an experienced echographist who was unaware of the patient's status and exposure. Measurements of CCA diameter and CCA-IMT were always performed opposite to the side of atrioventricular shunts 2 cm beneath the bifurcation. Measurements of CCA-IMT were done on the far wall at the same level as the diameter measurements. A localized echostructure encroaching into the vessel lumen was considered plaque if the CCA-IMT was Ͼ50% thicker than neighboring sites. CCA diameter and CCA-IMT were always measured in plaque-free arterial segments. The CCA wall-to-lumen ratio was calculated as 2IMT/CCA diameter. The measurements of CCA parameters are observer-independent; we used computerassisted acquisition, processing, and storage with specific software for edge detection (wall-track for CCA diameter 11 and Eurequa for CCA-IMT). 2, 11 A detailed description of these systems has been published previously. 2, 11 The left ventricular outflow velocity integral (LVOVI), which was shown to be associated with changes of CCA diameter, 11 was measured using a Hewlett-Packard Sonos 100 equipped with a 2.25-MHz probe.
Statistics
Data are expressed as meanϮSD. Univariate and multivariate regression analyses were conducted using the least-squares method. Sex (0, male; 1, female), diabetes (0, no; 1, yes), use of antihypertensive drugs (0, no; 1, yes) were used as the dummy variables.
Statistical analyses were performed using NCSS 6.0. software (J.L. Hintze).
Results
Demographic, clinical, and CCA characteristics and blood chemistry data are reported in Table 1 . Table 2 summarizes the univariate associations found for AOPP with blood chemistries and intravenous iron dose. Multivariate regression analyses (Table 3) found AOPP was significantly associated with serum ferritin (partial r 2 ϭ0.147, Pϭ0.0009; Figure 1A ), HDL cholesterol (r 2 ϭ0.07, Pϭ0.0247), and LDL cholesterol (Pϭ0.045). Serum ferritin was significantly correlated with the dose of elemental iron received during the preceding 12-month period (rϭ0.600, PϽ0.0001; Figure 1B ), but it was not correlated with C-reactive protein (Pϭ0.213). Multivariate analysis of risk factors associated with CCA geometry are reported in Table 3 . CCA diameter was positively associated with age, body height, mean blood pressure, and LVOVI, whereas an inverse relationship was observed with AOPP. CCA-IMT increased significantly with age, CCA pulse pressure, CCA diameter, AOPP levels, ferritin, and LDL cholesterol and tended to be lower in women. These parameters accounted for 76% of the CCA-IMT variance, with age alone representing 33.8% of the variance. The 
Drüeke et al Oxidative Stress and Intima-Media Thickness
opposite associations of AOPP with CCA diameter and IMT resulted in a significant correlation between AOPP and the CCA wall-to-lumen ratio (rϭ0.560, PϽ0.0001; Figure 1C ). Because age was the major factor associated with CCA-IMT, a multivariate analysis was done in 41 patients aged Ͻ60 years (mean, 41.9Ϯ11.1 years; range, 13 to 59 years). In this group, the CCA-IMT was positively associated with AOPP, iron dose, male sex, CCA diameter, and triglycerides (Table 4 ). These parameters accounted for 76.6% of the variance, with AOPP levels accounting for 24.4% of the variance. Moreover, in this younger group, the CCA-IMT was directly associated with yearly iron dose (Table 4 and Figure 2 ).
Discussion
CCA-IMT has gained acceptance as a marker of the atherosclerotic process. The finding that increased IMT and carotid wall-to-lumen ratio were significantly associated with circulating AOPP is consistent with the hypothesis linking oxidative stress to the atherosclerotic disease in ESRD patients. The relationships observed in the overall population between plasma AOPP and serum ferritin and between ferritin and the annual intravenous iron dose are compatible with the view that parenterally administered iron may contribute to the oxidative stress observed in such patients, and it might play a role in arterial remodeling.
CCA-IMT is considered an early marker of the atherosclerotic process and is currently used to assess the presence and the progression of atherosclerosis. 1, 2 Epidemiological studies showed that increased CCA-IMT was correlated with known cardiovascular risk factors and was associated with increased prevalence and incidence of cardiovascular disease. 3, 4 Confirming data in the literature, we found that the CCA-IMT increased with age, 7 male sex, 7 pulse pressure, 17 CCA diam- eter, 11 LDL cholesterol 18 and serum ferritin. 19 As in our previous study, 11 CCA-IMT was positively correlated with the CCA diameter. This was not unexpected, because wall stress is one of the mechanisms regulating the trophic response of arterial IMT and, for any given arterial blood pressure, wall stress increases with diameter. 10 In accordance with previous reports on ESRD patients, the CCA diameter increased with age, distending blood pressure, body height, and LVOVI 11 but was inversely correlated with AOPP concentration. Artery diameters dilate in response to increased blood flow, and the positive relationship between LVOVI and CCA diameter in ESRD results from the chronically increased blood flow due to anemia, arteriovenous shunts, and overhydration. The negative association between AOPP and CCA diameter contrasted with the direct correlation between AOPP and IMT (resulting in the positive correlation between AOPP levels and the CCA wall-to-lumen ratio; Figure 1C ). The positive correlation between LVOVI and CCA diameter reflects the chronic flow-dilation mechanism, whose efficiency could be limited in the presence of high AOPP levels. Flow-mediated arterial remodeling is endothelial cell-dependent, and oxidative stress is associated with impaired endothelium-derived NO activity. 20 This impairment may be an early mechanism in the development of atherosclerosis. Plasma AOPP are independently associated with alterations in CCA geometry, suggesting that oxidative stress might play a role in the pathogenesis of deleterious arterial alterations in ESRD patients.
CCA-IMT is associated with aging and, in a cross-sectional analysis, the prominent effect of age (Table 3 ) could minimize the influence of other factors, including oxidative stress. This is supported by the results observed in younger patients (Table 4 ). In this group, the association between AOPP and the CCA-IMT is stronger, and AOPP accounted for 24.4% of the variance of the CCA-IMT (Table 4 ). Conditions favoring the generation of oxidative stress are present in patients on HD who may be exposed to the recurrent generation of oxidants and may have defective antioxidant systems. The origin of the oxidative stress is multifactorial. It is, in part, due to the production of reactive oxygen species caused by the HD procedure, as well as by other factors involved in chronic inflammation. The pathophysiological relevance of plasma AOPP has already been documented in the context of chronic uremia 15, 16, 21 and coronary artery disease in nonuremic subjects. 22 Moreover, we demonstrated that the higher AOPP levels resulted from phagocyte activation. Thus, AOPP seem to be a marker of protein oxidation resulting from sustained, inflammatory, cell-associated processes, 23 suggesting that the mechanisms involved in the increase of CCA-IMT might involve phagocyte-induced inflammation.
In the present study, we found a significant relationship between ferritin, AOPP, and the cumulative annual dose of intravenous iron given to treat a patient's anemia. Moreover, in younger subjects, a direct and independent relationship was observed between intravenous iron and the CCA-IMT ( Figure  2) . These relationships were independent of C-reactive protein levels and other risk factors. To replace iron losses and to maintain adequate iron stores in patients receiving recombi- nant erythropoietin therapy, an average of 1.5 to 2 g of supplemental iron per year is required. 24 The average amount of iron given to the patients in the present study was within this recommended range, with the weekly dose ranging from 50 to 100 mg when necessary. Nevertheless, even at the recommended dose and infusion duration, this iron supplementation leads to generation of redox-active iron, which is a potent pro-oxidant. 25 The generation of reactive oxygen species triggers iron-induced lipid peroxidation (i.e., of lipoproteins and prostanoids). Oxidative modification of LDL is causally involved in atherogenesis, and LDL oxidation has been shown to occur in HD patients, which could favor the development of atherosclerosis. 14, 23 Epidemiological studies examining the role of iron in cardiovascular disease have yielded conflicting results. 26 -28 A recent study evaluating a possible relationship between blood donation and the risk of coronary heart disease in men did not support the hypothesis that reducing body iron stores lowered the risk for coronary disease mortality, 28 and an analysis of prospective studies in nonuremic populations did not provide good evidence of a strong association between iron status and coronary heart disease. 29 In contrast, prospective results from the Bruneck study in humans provided strong evidence for a role of iron stores in early carotid atherogenesis, 19 and iron chelation improved endothelial function in human patients with coronary artery disease. 20 These conflicting results may, in part, reflect different responses to iron depletion or repletion and the use of different circulating indicators of iron stores and their modulation by various diseases and genetic factors (for example, ferritin levels in the presence of inflammation, infection, or hepatic disease). Most importantly with respect to our present findings, a recent study done in Ͼ5000 patients receiving long-term HD concluded that intensive intravenous iron dosing was an independent factor associated with decreased survival and higher rates of hospitalization. 30 Moreover, because iron loading markedly alters the antioxidant system 31 and because uremic patients have numerous defects of antioxidant defense unrelated to iron, iron toxicity could amplify these defects, and ESRD may represent a "specific" condition that enhances the iron toxicity for the vessel walls. In keeping with this, an increased total body iron level in patients receiving long-term HD was shown to exacerbate lycopene deficiency, an antioxidant whose deficiency is present even in the absence of iron excess. 32 Our results show that the annual dose of intravenous iron was significantly correlated with serum ferritin and AOPP concentrations. This association was independent of serum C-reactive protein, which was used as a marker of systemic inflammation. The correlations between the CCA-IMT, serum ferritin, plasma AOPP (Table 3) , and iron dose suggest that oxidative stress may play a role in the pathogenesis of arterial remodeling 33 and that the former could, in part, be the consequence of parenteral iron therapy. This possibility is supported by the direct association between the iron dose and the CCA-IMT in younger patients (Table 4 and Figure 2 ). Pertinently, AOPP were associated with CCA-IMT independently of their association with ferritin and iron. These findings might indicate that the elevation of plasma AOPP levels is only partially explained by the increases of serum ferritin and iron load, in keeping with the view that other oxidative mechanisms are also at work in these patients.
However, the results reported herein must be interpreted with caution. The ability to generalize the results of the present study may be limited because the demographics and clinical characteristics of ESRD patients reported may significantly differ from ESRD populations in North America and northern Europe and because subjects with active cardiovascular complications were not included. The study concerned ESRD patients with stable cardiovascular function, and the proportion of diabetics, although steadily increasing in France, was lower than that in northern Europe or North America and was only 13% in the present population. To minimize the potential oxidative role of the HD procedure, patients were dialyzed exclusively on synthetic biocompatible membranes. The second limitation is the cross-sectional and observational nature of our study. This type of study cannot identify a cause-and-effect relationship.
In conclusion, the present data show that circulating markers of phagocyte-derived oxidative stress and proinflammatory mediators, such as AOPP, are correlated with CCA remodeling in uremic patients, including increased CCA-IMT and wall-to-lumen ratio. Furthermore, the observed correlations between ferritin concentrations, AOPP, and the annual iron dose suggest that iron therapy with the presently recommended doses and mode of administration could contribute to arterial wall damage. 
